The chimeric antibodies anti-CD20 rituximab (Rtx) and anti-TNFα infliximab (Ifx) induce antidrug antibodies (ADAs) in many patients with inflammatory diseases. Because of the key role of CD4 T lymphocytes in the initiation of antibody responses, we localized the CD4 T cell epitopes of Rtx and Ifx. With the perspective to anticipate immunogenicity of therapeutic antibodies, identification of the CD4 T cell epitopes was performed using cells collected in healthy donors. Nine T cell epitopes were identified in the variable chains of both antibodies by deriving CD4 T cell lines raised against either Rtx or Ifx. The T cell epitopes often exhibited a good affinity for human leukocyte antigen (HLA)-DR molecules and were part of the peptides identified by MHC-associated peptide proteomics assay from HLA-DR molecules of dendritic cells (DCs) loaded with the antibodies. Two-third of the T cell epitopes identified from the healthy donors stimulated peripheral blood mononuclear cells from patients having developed ADAs against Rtx or Ifx and promoted the secretion of a diversity of cytokines. These data emphasize the predictive value of evaluating the T cell repertoire of healthy donors and the composition of peptides bound to HLA-DR of DCs to anticipate and prevent immunogenicity of therapeutic antibodies.
their constant parts only, their variable regions remaining of murine origin, while humanized antibodies are also modified in the framework (FR) regions of the variable parts. Fully human antibodies are mostly produced by in vitro selection of antibodies encoded by human immunoglobulin genes or by immunization of Ig-humanized mice. Nevertheless, none of these approaches fully guarantee the absence of immune responses. Chimeric antibodies such as rituximab (Rtx) (5-7) and infliximab (Ifx) (8) (9) (10) are known to elicit specific ADAs in multiple patients, generally associated with reduced clinical efficacy. Similarly, the humanized antibodies alemtuzumab (11) and vedolizumab (12) and the fully human adalimumab (10, 13, 14) are known to generate ADAs in many patients. While humanization of the constant parts of therapeutic antibodies clearly reduces ADA responses, the benefits of humanization of the variable parts remain controversial (15) , reflecting the lack of knowledge about the molecular determinants contributing to immunogenicity of therapeutic antibodies (16) .
Immunogenicity of antibodies mainly relies on the presentation of antibody-derived peptides displayed on APCs and their capacity to stimulate specific CD4 T lymphocytes. CD4 T lymphocytes participate to the immune response to therapeutic proteins (16) (17) (18) (19) (20) . However, T cell epitopes contained in marketed therapeutic proteins are largely unknown, although localization of T cell epitopes could help to mitigate immunogenicity by removing them from the initial sequence (19, 21) . As T cell epitopes bind to human leukocyte antigen (HLA) class II molecules, locating HLA class II binding peptides could serve as a first step in the evaluation of the immunogenic potential of therapeutic proteins (22) (23) (24) . However many good peptide binders to HLA molecules do not necessarily elicit a T cell response, especially those derived from self-proteins as many self-reactive T cells are eliminated by central tolerance. Therefore, T cell assays have been established using cells collected from healthy donors (25) (26) (27) (28) (29) . As healthy donors have never been exposed to therapeutic proteins, T cell assays aim to detect low-frequency specific naïve T cells, assuming that the assays reproduce the memory T cell response that occurs after injection of the therapeutic proteins in the body. However, the relevance of T cell epitopes identified from healthy donors accounting for the T cell response in patients has never been formally demonstrated for therapeutic antibodies.
We therefore investigated the T cell response to the immunogenic chimeric antibodies Rtx and Ifx. Rtx is specific for CD20, a surface marker of B cell lymphocytes and is a B cell-depleting therapeutic antibody approved for the treatment of many lymphomas, leukemias, and autoimmune disorders (5) (6) (7) 30) . Ifx targets TNF-α and has been proven highly effective in the treatment of inflammatory diseases (8) (9) (10) . Both antibodies are immunogenic in many patients suffering from inflammatory diseases with an immunogenicity incidence ranging from 10 to 60% (5) (6) (7) (8) (9) (10) . In this study, we identified the T cell epitopes in the variable parts of Rtx and Ifx using cells collected from healthy donors and evaluated their capacity to stimulate T cells collected from patients with ADA. We characterized naturally presented HLA class II peptides from human dendritic cells (DCs) loaded with the antibodies and evaluated the binding affinities of overlapping peptides to HLA class II molecules. We therefore established a detailed map of the T cell epitopes of Rtx and Ifx, which helped to understand the origin of their immunogenicity.
MaTerials anD MeThODs

Proteins and Peptides
Keyhole limpet hemocyanin (KLH) was purchased from Thermo Fisher Scientific (Brebières, France). Rtx (Mabthera ® ) was purchased from Roche (Neuilly, France) and Ifx (Remicade ® ) from Centocor (Horsham, PA, USA). Peptides were purchased from Pepscan (Lelystad, The Netherlands).
characterization of antibody-specific cD4 T cell lines
Peripheral blood mononuclear cells (PBMCs) were obtained from blood cells collected at the Etablissement Français du Sang (EFS, Rungis, France), as buffy coat preparations from anonymous healthy donors who gave informed consent, in accordance with EFS guidelines. Antibody-specific CD4 T cell lines were generated as described previously (28) . DCs were produced from plastic-adherent cells of PBMCs, while CD4 T cells were isolated from PBMCs by using magnetic microbeads (Miltenyi Biotech, Paris, France). DCs were loaded overnight at 37°C with the therapeutic antibody or with KLH used as a positive control (1 µM) and matured with lipopolysaccharide (1 µg/mL). CD4 T cells (200,000/w) were stimulated by protein-loaded DCs (20,000/w) and cultured during 21 days (28) . Their peptide specificity was tested by interferon-γ (IFN-γ) ELISPOT (28) . Spot number was determined by the AID ELISPOT Reader System (AID). CD4 T cell lines were considered as specific when a spot count was twofold higher in the presence of the protein or the peptide than in their absence, with a minimal difference of 25 spots.
hla-Dr-specific Binding assays
Human leukocyte antigen-DR molecules were immunopurified from homozygous EBV B lymphoblastoid cell as previously reported (31, 32) . Binding of the Rtx and Ifx peptides to HLA-DR molecules was assessed by competitive ELISA, as previously described (33) . A strong binder to each HLA class II molecule was introduced in each assay as reference (33) . Data were reported as relative affinity corresponding to the ratio of the IC50 of the tested peptide to the IC50 of the reference peptide. Means were calculated from at least two independent experiments.
FigUre 1 | identification of cD4 T cell epitopes of infliximab (ifx) and rituximab (rtx) from healthy donors. CD4 T cell lines were generated in vitro by four weekly rounds of stimulation with autologous dendritic cells (DCs) loaded with either Rtx or Ifx. Specificity of CD4 T cell lines #113.6 raised against Rtx (a) and #247.26 raised against Ifx (B) was analyzed by interferon-γ ELISPOT. T cells were incubated with autologous DCs alone (none) or with DCs previously loaded with each antibody (3 µM) or with autologous unloaded peripheral blood mononuclear cells (PBMCs) (no pool) or PBMCs loaded with a pool of peptides (10 µg/mL) (left panels) and with individual peptides (right panels).
into immature DCs (37) . Immature DCs were matured by adding lipopolysaccharide (1 µg/mL, Sigma) and loaded separately with one of the chimeric antibodies. After incubation for 24 h at 37°C and 5% CO2, DCs were harvested, washed in PBS, and lysed in hypotonic buffer containing 1% Triton X-100. After immunoprecipitation of HLA-DR molecules with Mab L243-conjugated beads, peptides were eluted from HLA-DR molecules by adding 0.1% trifluoroacetic acid (Fluka, Buchs, Switzerland) at 37°C and lyophilized using an Eppendorf Concentrator 5301 (Eppendorf AG, Hamburg, Germany). Lyophilized peptides were resuspended in hydrophilic buffer containing 5% acetonitrile and 1.1% formic acid. Peptide composition was analyzed by liquid chromatography (nano capillary system, Dionex Corporation, Sunnyvale, CA, USA) on a self-packed fused-silica C18 reversed-phase nano-highperformance liquid chromatography column connected to a mass spectrometer (Q-Exactive, Thermo, CA, USA) via electrospray ionization (LC-ESI-MS/MS). Peptides were identified via a database search approach using the SEQUEST algorithm as detailed (37) .
evaluation of the T cell response to ifx and rtx Peptides in immunized Patients
Blood samples from patients immunized against Rtx or Ifx were collected at Bicêtre Hospital (Le Kremlin-Bicêtre, France) in accordance with French law and after approval by the patients. Levels of circulating Ifx or Rtx and of ADAs specific for each antibody were quantified using bridging ELISA kits (Theradiag, Croissy Beaubourg, France). PBMCs were seeded at 5 M/mL with peptides (10 µg/mL) in RPMI 1640 medium supplemented with 10% SAB, 50 IU/mL IL-2 (R&D), 1,000 U/mL IL-4 (R&D), and 1 µg/mL anti-CD28 (Miltenyi). The culture medium was changed every 2-3 days. Cells were harvested at day 10 and incubated with individual peptides (10 µg/mL) in AIM-V supplemented with 0.5 ng/mL IL-7 at 37°C in Multiscreen 96-well plates (Merck Millipore) previously coated overnight at 4°C with 4 µg/mL anti-human IL-5 MAb (TRFK5, Mabtech). After 48 h incubation, supernatants were collected, and IL-5 secretion was detected by successive addition of mouse biotinylated anti-human IL-5 Mab (TRFK4, Mabtech), Extravidin conjugate, and BCIP substrate (Sigma) as described above for IFNγ ELISPOT. Spots were counted with a computer-assisted video image analyzer (AID, Strassberg, Germany). A positive value was assigned to culture wells with a spot count that was twofold higher in the presence of the peptide than in its absence, with a minimal difference of 25 spots and positivity in Student's t-test (P < 0.05). Supernatants of IL-5 ELISPOT plates were submitted to Luminex cytokine assays (R&D) for six different cytokines (IL-2, IL-4, IL-10, IL-13, IL-17, and IFN-γ) according to the manufacturer's instructions (R&D). Sensitivity of detection ranged from 0.4 to 2 pg/mL, except for IL-4 (9.3 pg/mL) and IL-13 (36.6 pg/mL). Cytokine concentrations lower than the lower limits of detection were reported as undetectable. A positive value was assigned to culture wells with a concentration that was twofold higher in the presence of the peptide than in its absence and positivity in Student's t-test (P < 0.05).
resUlTs ifx-and rtx-specific T cell epitopes Were identified in the Variable Domains Using cells collected in healthy Donors
To identify CD4 T cell epitopes of Ifx and Rtx, we constituted 2 panels of 15 healthy donors on the basis of the frequency of HLA-DRB1 alleles in Europe (Table S1 in Supplementary Material). From the PBMCs of these donors we derived CD4 T cell lines specific for Rtx and Ifx by 4 weekly rounds of stimulation of the CD4 T cells by DCs loaded with either Rtx or Ifx. CD4 T cell lines were also raised against KLH to assess the ability of the donors to generate specific T cell responses ( Figure S2 in Supplementary Material). Each independent T cell line (CD4 T cells present in a single well) was evaluated for its specificity using pools of 45 overlapping peptides encompassing the entire variable regions (VH and VL) of the therapeutic antibodies (Tables S3 and S4 in Supplementary Material), individual peptides, and DCs loaded with the therapeutic antibodies ( Figure 1) . As an example, T cell line 113.6 from donor #113 was specific for Rtx but not for Ifx and reacted with the pool 2 of Rtx peptides in the first ELISPOT and with the peptide RH56-70 in the second one ( Figure 1A ). In contrast, T cell line 247.26 from donor #247 was specific for Ifx but not for Rtx and reacted with the pool 3 of Ifx peptides and the peptide IH91-105 ( Figure 1B) . Each healthy donor gave rise to a variable number of antibodyspecific T cell lines as shown for multiple donors (Figure 2A) . HLA restriction was evaluated for T cell lines of donors #225 and #251 by inhibition experiments with anti-HLA class II antibodies. These T cell lines appeared to be restricted to HLA-DR molecules and not to HLA-DP or DQ ( Figure 2B) . Together, 11 out of 14 donors generated a CD4 T cell response to Rtx peptides, and 12 out of 15 donors generated a CD4 T cell response to Ifx peptides (Figure 3) . A CD4 T cell response specific for each antibody was sustained by nine different T cell epitopes found in the variable regions of both light and heavy chains. The Rtx peptide RH56-70 was common to three donors, while RH31-45, RH41-55, and RL41-55 were shared by two donors (Figure 3A) . Four donors shared the same peptide Ifx IH46-60, while peptides IH91-105, IL31-45, and IL6-20 were common to two donors ( Figure 3B ).
Binding of ifx and rtx Peptides to Purified hla class ii Molecules
The two sets of overlapping peptides were submitted to 11 different binding assays specific for common HLA-DR alleles (Figure 4) . These alleles comprise eight molecules encoded by the HLA-DRB1 (01:01, 03:01, 04:01, 07:01, 09:01, 11:01, 13:01, and 15:01) gene and three second HLA-DR molecules (DRB3*01:01, DRB4*01:01, and DRB5*01:01). Binding activities were found all along the variable sequences of both antibodies. Multiple peptides bound with strong or moderate affinity to multiple HLA-DR molecules and comprised several CD4 T cell epitopes (RH31-45, RH106-120, RL1-15, RL41-55, IH91-105, and IL6-20). As shown Table 1 , a majority of CD4 T cell epitopes exhibited a strong or moderate binding to at least one of the HLA-DR molecules of the donors responding to them. It is of note that the peptide RH56-70 was highly specific for the HLA-DR11 molecule and generated a T cell response in three HLA-DR11 donors. In contrast, the peptides RL41-55 and IH46-60 bound to 6 and 3 HLA-DR molecules, respectively, and concomitantly stimulated T cells in 2 and 4 donors, respectively. In summary, 
cD4 T cell epitopes identified in the healthy Donors contribute to the T cell response to ifx and rtx in Patients having Developed aDa
We then investigated the CD4 T cell response in seven patients treated with Ifx (n = 6) or Rtx (n = 1) (one with granulomatous 
Results are expressed as a relative binding activity (ratio of the IC50 of each peptide by that of the reference peptide of the tested HLA molecule). Numbers in red (relative affinities less than 20): high binders. Numbers in green (relative affinities in the range of 20-100): moderate binders. Concordance between HLA allotypes of the donors responding to a T cell epitope and good or moderate binding of the T cell epitope is indicated by frames.
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Frontiers in Immunology | www.frontiersin.org May 2017 | Volume 8 | Article 500 uveitis; five with Crohn's disease, and one with rheumatoid arthritis) having developed ADAs against Ifx or Rtx (Table S5 in Supplementary Material). To detect memory CD4 T cells, PBMCs were submitted to a short-term T cell assay with only one step of in vitro stimulation instead of multiple rounds of antigenic stimulation as we did with healthy donors to detect naïve T cells. Accordingly, in this short-term T cell assay, PBMCs collected in three healthy donors did not generate a T cell response to the Rtx and Ifx T cell epitopes. PBMCs from five patients were cultured with a pool of the nine Ifx CD4 T cell epitopes for 10 days and then submitted to IL-5 ELISPOT using individual peptides ( Figure 6A ). All the patients responded to at least one peptide. Peptides IL1-15, IH41-55, and IH46-60 were common to three patients, while peptide IH91-105 was shared by two patients. Peptides IH51-65 and IL76-90 stimulated T cells in one patient, only. For two patients (L and C), sufficient amount of PBMCs was available to screen the peptide specificity of the T cells with the complete set of peptides and not with the T cell epitopes, only ( Figure 6B ). Four peptides (RL41-55, RH31-46, RH36-50, and RH46-60) among the 45 Rtx peptides gave rise to a T cell response for patient L. Two peptides (IH56-70 and IH41-55) from a total of the 46 Ifx peptides were active for patient C. All the peptides active in patients C and L are part of the Ifx and Rtx T cell epitopes we identified from the healthy donors.
Finally, supernatants of the ELISPOT plates were submitted to multiplex cytokine assay (Figure 7) . Under the assay conditions, IL-2, IL-4, and IL-13 were not detected in any of the patients. 
DiscUssiOn
With the perspective to anticipate immunogenicity of therapeutic antibodies, we identified CD4 T cell epitopes of the immunogenic chimeric antibodies Ifx (8-10) and Rtx (5-7) from healthy donors. We evaluated the capacity of the CD4 T cell epitopes identified in the healthy donors to stimulate T cells collected from patients with ADA. We evaluated the binding affinity of overlapping VH and VL peptides to preponderant HLA-DR molecules and identified naturally presented HLA-DR-associated peptides displayed by human DCs. The main results of this comprehensive analysis of the CD4 T cell epitopes of Rtx and Ifx are summarized in Figure 8 .
Although the immunogenicity of therapeutic antibodies such as Ifx and Rtx is a limitation for their clinical use, their CD4 T cell epitopes have not yet been identified. We therefore isolated specific T cell lines from CD4 T lymphocytes collected from healthy donors by multiple rounds of in vitro antigenic stimulation (28) , while memory CD4 T cell response was investigated in ADA patients using a short-term T cell assay. For each antibody, the number of T cell lines derived from each healthy donor ranged from 0 to 6, in agreement with the very low frequency of Ifx-and Rtx-specific T cells preexisting in the blood of healthy donors (28) . Nine T cell epitopes were found in both antibodies, spreading over 25-58% of the VH and VL sequences (Figure 8) . They mainly overlap CDR regions, but RH71-85, RL1-15, IL1-15, and IL6-20 are entirely embedded in the FR regions. The wide spread of the T cell epitopes along the variable parts of Rtx and Ifx and not only the CDR is consistent with their murine origin as their FR regions could be recognized as foreign by the human immune system (3). The location of Ifx and Rtx T cell epitopes also seems to rely on HLA binding affinity, as most of the T cell epitopes appeared to be associated with strong or moderate peptide binding to HLA molecules (Table 1) . However, as previously observed for other antigens (33, 38) , including therapeutic proteins (25) , not all of HLA binders stimulated T cells (Figure 4) . Naturally presented peptide sequences retrieved from the MAPPs assay (34-37) span a more restricted portion of the VH and VL sequences as compared to HLA-DR binding regions. In many cases, sequences of peptides eluted from HLA-DR molecules from human DCs nicely match with the T cell epitopes (Figure 8) . Only three T cell epitopes (RH106-120, IL 31-45, and IL76-90) are not included in the peptides identified by MAPPs. The assays were performed on different donor sets, which might be a reason for the mismatches. Of particular interest are immunoprevalent T cell epitopes (39) that are common to multiple donors. Immunoprevalence of Ifx IH46-60 and Rtx RL41-55 seemed to result from their capacity to bind multiple HLA class II molecules corresponding to promiscuous T cell epitopes. Rtx RL41-55 was also naturally presented by more than half of the donors tested via MAPPs. In contrast, the immunoprevalent Rtx peptide RH56-70 bound strongly only to the HLA-DRB1*11:01 molecule, and in the MAPPs assay the corresponding sequence region was displayed by only one donor who carried the same allele. Accordingly, the three donors responding to this peptide were genotyped HLA-DRB1*11:01. Together, our data from HLA-DR binding experiments, natural peptide presentation experiments, and T cell epitope mapping experiments show that the presented peptide repertoire is smaller than the peptide binding repertoire, and that the T cell epitope repertoire appears to be smaller than the presented peptide repertoire.
We also provide new insights into the specificity of the T cell response to Rtx and Ifx in patients having developed ADAs. All patients generated a T cell response to either Rtx or Ifx peptides, confirming that the ADA response is a T-cell-dependent process (16) (17) (18) (19) (20) . Eight out of nine Ifx T cell epitopes and four out of nine Rtx T cell epitopes, which we identified in healthy blood donors contributed to the T cell response in patients having developed ADAs. As the healthy donors have never been treated with these antibodies, the T cell epitopes we identified from the cells collected in these donors should emerge from naïve T cell cells (28) . Our data are therefore consistent with previous observations in animal models using HLA tetramers (40) and in vaccinated donors (41, 42) showing that memory CD4 T cell response is shaped by the naïve repertoire. Accordingly, immunogenic therapeutic antibodies including Ifx and Rtx exhibit a larger repertoire of preexisting naïve CD4 T lymphocytes in healthy donors than most of the antibodies considered as non-immunogenic (28) . T cell epitopes in therapeutic antibodies could be at least partly predicted by using cells collected from healthy donors (25) (26) (27) (28) (29) . Such T cell assays allow therapeutic antibodies to be ranked for immunogenicity risk on the basis of their T cell epitope content. T cell epitopes could be removed from the antibody sequence to minimize their immunogenicity, as already proposed (19, 21) . Our findings also contribute to describe the diversity of the T cell response developed in patients with ADAs. Besides IL-5, we also detected secretion of IFN-γ, IL-10, and IL-17, but with different patterns of secretion across the patients. These data illustrate the heterogeneity of the T cell response to chimeric antibodies across inflammatory cytokines and the immunosuppressive cytokine IL-10 (43). Using the identified T cell epitopes, further studies would help to understand the diversity of immune responses, including the allergic response (2) , to classify patients with and without an ADA response and to identify early markers of ADA response. In conclusion, we identified the CD4 T cell epitopes of Ifx and Rtx from healthy donors and demonstrated their relevance to participate to the T cell response developed in patients with ADAs. We also compared them to HLA binding data as well as to the naturally presented peptide repertoire. These data contribute to the understanding of the root cause of immunogenicity of chimeric antibodies. They could help to improve the diagnostic of ADA responses (2) and the selection of therapeutic antibodies with low immunogenicity by removing the T cell epitopes from the initial sequence.
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